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abstract

The Space Shuttle Orbiter has conducted various frlight
test maneuvers during the Orbital Flight Test Program and
beyond in order to establish heating rates at various angles
ot attack and center of gravity positions, 7The objective ot
this project was to investigate the heating ettects on the
body flap during the entry flight test maneuvers and
determine the limits on the tlap deflections tor an aft center
ot gravity envelope on the Orbiter.

An analysis program available from the Air Force tlight
Test Center (AFFTC) uses applicable simulation equations tor
the aerodynamic performance of the TPS in their tlight
simulator and data reduction program (HEATEST). The appruach
was to use the HEATEST program to determine the heating on une
criticar point on the body flap during the STS-2 entry tlight
test inputs (Flap Thermocouple #V07T9508). From these results
and other results on the cutboard elevons, the maximum fla,
detlection angle and Orbiter aft center of yravity coulu e
established.

Using the HEATEST proyram, results were obtained Lour
angle of attack and body tlap detlection eftects but
dittiéﬁlty was encountered with Reynold's number cltcect,
Several theoretical approaches were investigated resulting in
at least one technique that could be appliea to HEATEST .

linearize or eliminate the Reynold's niwle r ettect.
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BODY FLAP HEAT TRANSFER DATA
FROM SPACE SHUTTLE ORBITER

ENTRY FLIGHT TEST MANEUVERS

Background

The Unitea States Space Transportation System, the Space
Shuttle, has presented aerodynamicists with a unique ncw
challenge. Development ot the entry tlight characteristics
and range ot operations of its primary component, the Orbiter,
seen returning in Fig. 1, is vital to the overall success ot
its mission., A systematic approach of integrating the best o
ground tests, flight simulations, and flight tests needed to

be dqeveloped.

=11}

The Air Force Flight Test Center (ArtTC) has been and is
continuing to conduct an evaluation or the Orbiter to assess
its capability to meet Department of Detense requirements,
The goal ot the evaluation is to identify ana remove placards

in the Orbiter's operational envelope thuat could attect

nominal and contingency landinyg operations Lrom Vanaenbery Atr

Force Base, California, which are more severc than the j.re.cat

launch and landing mode.

AFFTC Models

Eyuations and paraweters were chouscen to croate

aerodynamic heating and one-diwensional therima! wodels o i
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AFFTC flight simulator (Ref 1). The simulator was also used
tor flight planning and the design of tlight test maneuvers to
enhance tlight test data reduction tor angle ot attack ana

center of gravity envelope expansion. Rapid expansion ot the

flight envelope is required prior to morc severe entry
conditions and prior to removal of the flight test data
instrumentation from the operational vehicles. Upon obtaining
embeaded thermécouple data, a reduction technique based oun
systems identitication theory was employea (kRet 2).

In systems identitication theory, models are simulation
equations and parameters required ftor aerothermodynamic
pertormance ot the Orbiter's Thermal Protection System ('I'PS).
The AFFITC simulator data base goes beyond the simple use ot .
sphere (Reft 3) to determine reterence heating conaitiun:,
and employs models to determine the variations associated witnh
angle ot attack (), elevon and body flap detlections (§. and
Jer )» Reynold's and Mach number (Re), and s1aceslip (g).

"A program called HEATEST (for HEAT ESTiwmation) wa:s uned
to reduce the flight data, The variations above werc u niues
to be linear derivatives of the heat rate. Using a hcatiag
model the simulator was used Lo calculate a nondimensiona!
heating ratio, A thermal model was also used within t:.:

program to calculate the temperature through the TpPs. “he

one-dimensional aitferential equations in this thermal moael

are solved numerically to propogate the temperature,

(LS 3

sensitivity ot the temperature to each parameter, and Lhe

B a0

covariance ot the temperature to the next disurete time at

\d
yry)

giscrete node points throuyh the TPS (Ret 1),

o« ta - R . P . - -
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The Flight Test Mapneuvers

PN The flight test maneuvers employ two techniques to
obtain the envelope expansion data. A block diayram of this
approach is shown in Fig. 2 (Ret 1). The tirst, callea
a Push-Over, Pull-Up (POPU), is emp 'nyed at a prescribea
velocity during the Orbiter entry when, from a yiven angle ot
attack, it is pitched downward manually by the crew'at a
preplanned rate, held at the minimum angle ot attack tor tive
seconds, then pitched upward to a maximum angle of attack and
again held for the same duration betore being brought back to
its original position., This maneuver is employed to oLtaln
aerodynamic lift to drag ratio and vehicle trim intormation as
a tunction ot the angle ot attack., With dgeviations 1n the
tlight path ot opposite signs and by bPaslding the maneuver to

' only a few seconds the original trajectory 15 not
significantly affected while at the same time AFFIC siwmulator
studies have indicated that most thermocouple locations woulid
be affected. With other variables constant, the heating ratc
versus anyle of attack derivative (Q,) could be estimated by
thermocouple measurements.,

A second type of maneuver called a houy tlap swoep
consists of cycling the body flap up and down while othoer
variables are constant., A roll doublet can also be pertormed
while the tlap is down and the elevon is up to culim:tc
aileron control derivatives,

Several considerations must be made in determining tin
mission entry protile, A stecper entry coula be port o

causing higher reterence heat1ng but over a olosrter o

RPN
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time than the shallow entry that produces lower peak hcat in,
but higher total heating., Another consideration is the tlap
and elevon schedule., 1If the flap starts at a low (near zero)
deflection angle it should increase in positive detlection
({downward) to maintain trim, At the hinge line, the
previously heated section of the tlap now beyins to become
part of the hinge area and radiates heat to the aluminiuun
chain seal, rib plate, and other internal areas in the att
tuselage possibly creating a heating problem., 4o the pretered
deflection schedule for the body ftlap is tu have a high
positive deflection and decrease during entry., However, o
trade otf must be made here with the elevons which deriect
to balance the trim. They also heat at higher detlections anu
must be used tor banking and anyle of attack control.
Execution of the tlight test maneuvers was successtully
carried out on the second, third, and ftourth shuttle missicus;
sSTs-2, 3, and 4, STS-2 pertormed a series of maneuvers; o
POPU at Mach 20 and three tlap maneuvers at Mach 21, 17, anda
14 as well as other aerodynamic maneuvers. The HEATEST
progyram was used to determine the heating derivatives at most
key locations on the Orbiter. No problems were encountered in
estimating derivatives during the POPU at points on the loweld
surtace trom the nose to X/L of .,7. The upper surtaucu

derivatives also were determined tor ‘b Orbital Mancuvering

System (OMS) pods, Problems at a point on the clevons and ot
higher than anticipated heatinyg at one point on the OMs podn
were encountered but were resolved by HEATEST atter sonn

manipulation,

£}




Problem and Scope

The body tlap data, the heating ettects on it, and its

attect on the limits of the att Center of Gravity (CG) ot th.
Orbiter had not been tully reduced until this report, The
approach in reducing this data was to use HEATEST as
previously accomplished for other Orbiter locations, ‘Ihis
was done by estimation of the heating ana thermal paraumcters
for various Maéh number conditions during the timeframe when
the maneuvers were taking place. The program was run 1in
segments to identify heat estimates and determine their trends
throughout the entry. After these estimates and their error
bounds were determined, a similar procedure was to be usea un
another body flap thermocouple to determine its effects,
Then, by combining these results with results obtained on the
elevon heating at the same time, an estimate ot the heatiny
limits ot the elevon and body flap detlections coula be
obtained. From these estimates a nomin.. and maximum att C¢
limit tor various angle ot attack conditions during entry
could be produced. This could establish a baseline tor limits
(as now perceived) to the maximum crossrange ot the Urbiter
based on heating and thermal parameters.

This report describes the Space “huttle orbiter boay
tlap and its TPS operations during entry. It also ox. lain
the theory relevant to the boay tlap calculations 1o ite
HEATEST program, A detailed analysis ot tte poertaraic . oo
the tlight test maneuvers conducted th:s tar ana the resualtan

heating on the body tlap thermocouple under study is o dade o

Results obtained from Lhuse maneuver . v telat o




deviation of the basic pitching moment trom pre~tlight &16-1
estimates is also shown,

Finally, the results ot the analysis of the heating and
thermal parameters is discussed as well as the problems
encountered at this point in the analysis, Alternative
approaches and tinal results, conclusions, and recommendations

complete this report.
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I1X. The Space Shuttle Body Flap and TPS Operation

General Description

The body tlap is an intregal part ot the Orbiter as scen
on Fig. 3. It consists of an aluminum structure, ribs,
spars, honeycomb, skin panels, and a trailing edge asscmbly.
The main upper and lower torward honeycomb skin panels are
joined to the ;ibs, spars, and honeycomb trailing edge with
structural fasteners, The removable - .rr torwara honeycomb
skin panels complete the body tlap structure., ‘The body tlap
ls covered with High Temperature Reuseable Surtace Insulation
(HRSI) and an articulating pressure and thermal seal to its
torward cover area on the lower surtace ot the body flap to
block heat and air from penetrating to Lhe structure., The
body tlap detlects from the hinge line. rhystcally, the boay
tlap can detlect +22.,5 degrees (downward) ana -11.7 degree:s
(upward) from the hinge line. However, the base ot the att
tuselage angles upward approximately 5.5 degrees in relation
to the rest of the base s0o the angle the ftlap delects 15 non
the same as its deflection angle in relation to the ftlow

passing under the rest ot the Orbiter's base,

body Flap Operation

The two primary tunctions ot the body flap are o
protect the sSpace Shuttle Main Engine's (SS5ME's) trom vy
heating and to act inéonjunction with the eovvans as et
ot gravity trim device. The Orbiter is a uni jue vebiy e oo

that it is the tirst manned vehilcle Lo reenter the  daltae. oo

. L T ow Nt W T e e . S . . - . . .
' o S A > . s PR WOl SR S SN SRS WO i S




FEMA YA AR aveg WA Sy N -
T et A M et et by ~ - - -

. —
e h et e

derg ooy ¢ *aannty

1
Buies .3m3)
sberasny iy

FEL TR AR |

ZES:COI- dei4 ‘pog N.F\

say tipges V\

{Imax 1334S;
SR Jedg Luoly

lausy quorAuol sy 018Ny
uIsyy 1ama] pauIyaeyy

{quodAauoy)
sqry 1noa:sol)

ap3 Bupeay
qwo3Aauoy yidag 1ind

Uty qWoIAauoy
uieyy Jaddfy

018may Aeioy . y .wﬂw—.w

o) abury dey Apoq 2651%x

1)

St e T

OO T SR WY Y




.

PN P L ADPADE

»
Loa

.- -.'. ',';‘.1 Er’.—-;:.i-‘- Dt i

g Wy weve
O
‘. '.-.']d. Gate

Lol o

Fﬁ.’l -k

like a glider. The angle ot attack during entry is dictated
by the mission requirements., The Orbiter was designed to have
a 980 nautical mile cross-range maneuvering capability. Since
DOD planned launches trom the Western Test Range at Vandenberg
A¢B presently need this capability to fulfill their nominal
and Abort Once Around requirements, the Orbiter must enter at
an angle of attack of 36 to 38 degrees and roll angle ot 60
degrees, Later.in the entry, to obtain more cross-range by
increasing the lift to drayg ratio, the angle of attack is
reduced to as low as 26 degrees, Untortunately, this also
severely increases the heating at many locations including the
tlap. This is due to higher Reynold's number and boay tlap
detlection at lower angle ot attack. The flap detlects more to
maintain trim at lower angles ot attack. 'The Keynola's number
increase is due to a higher velocity and density with the litt
coeticient rising faster than the dray coeticient at a lower
altitude in the tlight corridor. later in the cntry a ygraduat
pitch down is initiated starting helow Mach u,

The elevons and body tlap also must be uscea together to
control the trim of the Orbiter during the entry period, 1t
nominal CG position is ,667 trom the nose tip while the wost
att CG position is .,675. The att CG increases boay t1a,
deflection (i") and elevon detlection (fe) tor trim, 1t =
theretore important to know the heating rates on the body tlag.
and elevons at various detlections tou detoerwmine 1t 1.
reuseable surtace insulation on both can protect them anag b

reused,
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The TPS on the Body Flag

The Thermal Protection System (TlF5) on the Orbiter was
designed to protect the Orbiter and still be reuseable tor at
least one hundred missions. The TPS on the Orbiter consists
primarily ot four types of materiz»ls, each designed to
ingsulate the Orbiter's aluminum skin. The High Temperature
Reuseable Surface Insulation (HRSI) is able to withstand
temperatures'as high as 2600 ¥ for one mission and be
reuseable when not exposed to temperatures higyher than 2270 .,
The tile consists of amorphous borosilicate glass. To prevent
damage to the tragile tile, strips ot telt padding are usecd
between the tiles and the Orbiter's skin. This Strain
lsolation Pad (SIP) is bonded to both the tile and the orbiter
with a red, room-temperature vulcanizing (RTV) cement with an
iron oxide base, Other strips of padding called tillur Lars

are placed between each tile,
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111, The HEATES

Heating Model

A proygyram named HEATEST (for HEAT ESTimating) was used
to reduce flight test data. A flow chart of HEATEST is
depicted in Fiy. 4. HEATEST incorporates systems theory of
theoretical models in order to compute parameters that'éffect
the heating. The theory from scientific method has
established a linearly independent set of parameters, Due to
the number of these parameters, the systems theory in HEATEST
combines some of these variations in order to compute them
quickly. The variations are assumed to be linear derivatives

of the heat rate, The heating ratio Q/Qref was assumed to be
Q/Qref = f(oc, 8,4 ,Re) (1)

where Oref is the dimensionless reference heat rate on a one

foot diameter sphere given by

oref = 177007 V/10")"” (1-tiw/Ho) (2)
.28

hw = .24 [Qref/(ce)]) (3)

ho = .24 T.+V,_.*/50063 ' (4)

where the heatiny rate is in British Thermal inits (BTU's) per
toot squared per second, o~ is the Stefan-Boltsman constant
(4.761x10°" ), € is the emissivity, 7/ is the atmospheric
density in slugs per cubic foot, V, is the relative velocity
in teet or second, and T, is the atmospheric temperature in

degrees Rankine,
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This heating model and wind tunnel data at specitic
Orbiter TPS points were used to calculate the simulator
heating rate ratio using linear interpolation routines tor
For the HEATEST

real-time processing ot aerodynamic aata.

data reduction program the heating ratio took the form

Q = Q/Qref = QO + Q (x=ox,) + Qg (8-8,)
+ Qq,, (or = o) + Qp, (e — da,)
+ Q,°,R‘ [log(Re)-1log(Re,)]

+ QN(WO‘MDQ) (5)

where Qo is the magnitude at the reference conditions

specified by the variables with the zero subscripts. 1In the

body flap calculations the 8 terms and M terms were neglected.
The subscripts on the heating ratio (Q) represent partial
derivatives with respect to the variables ot angle ot attack

(<), sideslip (8), the logarithm to the base ten ot the

Reynold's number (Re) based on its characteristic length,

elevon aeflection angle ({§.), body flap detlection angle (§g),

and Mach number (Ma).

These heating derivatives are essential 1in the

evaluation ot determining what tactors intluence the entry

heating at the tlap. Another value of Qref coulda be

- /3
Qret = .332(To-Tw)Re H.VuCp/(778.3Pr ) (6)

which is based on Eckert theory for laminar rlow with no

deflection, Laminar flow is approprate tor wmost areas on the

Oorbiter., However, as will be later demonstrated, it is not

correct tor the tlap and other regions where the turvulont

LNnd gl Ul

ER P - . . . L. . - . - - . L.
e PRI ; ] ; ---‘-..,»-A<L\\._l




——r T

AN ARG @5 - DRIt S~ S

MERAIER b LU0 L SIS S0 LB, B & ANV

bt 4N

equation for the deflection
- X3
Qref = .0296(To-Tw)Re " ZLV.CP(T*/To)/(778.3pc  )(B/By) (7)

and the T* value is

is more representative of the heating. TR is assumed as .97To.
The change in the heat rate (AQ) trom the reference

conditions is given by
AQ = Q - Qo (9)

where the magnitude of the reference condition is subtracted,
The assumption is made that for short time segments these
derivatives are constant and the lateral conduction in each

tile is small,

Thermal Model

The AFFTC simulator also employs a thermal model ot the
TPS tile to calculate the temperature at various locations
within the tile and its surroundings., A description ot this
model is‘shown in Fig. 5. The interior of the tile is divided
into equal thickness and the entire structure ot different
materi#is is designated by blocks., Numerical solution of the
resulting equations resulted in an accurate simulation ot
surface and bondline temperatures at specific locations. Ihe
honeycomb also is included in this analysis. There are two
face sheets on the honeyccub with vecry little aluminum 1n

between so that there is radiative heat transter caused Ly tho

i6
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different temperatures between the two sheets, It it is
assumed that there is no material present, then in it is only

the radiation between the two node points or
(1-a)eo (T, -1, 9) (10)

where A is area per unit area aluminum between the facesheets,

In the tile, node points are spaced equally into small
elements of léngth AX tor a total o. I node points. Each
block has four equally spaced nodes. Each block represents a
different material with different properties, Although
thermocouples can be placed at various node points in each
block, for our purposes the only thermocouple is located at
the second node (i=2) which is AXa from the surtace. The
convective heat rate (Q) input at node 1 has most ot the heat
radiated away and conducts a small amount to node 2 and the
rest of the tile, Block C is bonded to the tile by KTV
adhesive to the SIP which is also attsched to the honeycomb
tace sheet by RTV,

An ordinary differential equation tor the temperature
(Ti) at the ith node point was obtained trom an energy balance
tor each element, A system of L nonlinear differential
equations results (Ret 1).

The energy balances tor each element are summed together

to form the heat transfer equations (Ref 4)

i=1 (C, 7,8X,/2)T = -K,/8X,T ,+K,/8X,T; (1)

—re(t,t -1 ) +£(x,8,6 R)Qret

18
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=2 (CA?aBXA/2 + Cg#AX /2)T = K,/8X,T, (12)

i Cq7g (8X ., +8X[)/2T | = Kg/4X, T _, (13)

=(K /48X ;_, + Kg/AX )T 6 + Kg/8%X; T,

imL=2 (Cyu7AX | 3 /2 + CofcAX /2)T ., = K¢/ AXcTyy  (14)

1=L-1 (Cyp %510 AXg,6/2 + CpryTare8Xgrv (15)
+C e 7cbX A/2)T L,

+ -
=Kp/(BX )T _, =(K, +Ko )T, , +KT

{ L

Y
+€ . o([T _+460]) -(T _, +46U] )(1-A)

i=L (Coe ?ucAX pacetCuc PucA Xy /2 (16)

YCp 7y (AX,/2 +8Xg, )T
¥ 4 -
= €07 ((T +460) —(T0+460) )-HE(T +460-T,)+K, T

4 4
=K T, +€, 0 L(T +460) =(T _, +460) (1-A)]

The thermal conductivity (K) is a function of temperature and
local pressure. The conductivity is evaluated at an average
temperature between the nodes. The specitic heat (C) is also
dependen; on the temperature at the node point, The dot
represents the time rate of chanyge of the temperature (Ti) at
each néde with a distance (AXi) between each node and is
approximated by a first order backward difterence,

1f the surface conditions can be specitied, 1.e, the
thermal emissivity (€), the coating thickness (AXa), anu tue
aerodynamic heating rate t(x,8,4,Re), the temperature through

the tile can be calculated by solving the system of oruvinary

19
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differential equations. The specific heat ana density (/) are
assumed to be known from the design but emissivity can vary
from .75 to .92 and the thermal condu-tivity (a tunction ot
tile pressure) 1is variable with flight pressures inside the
tile in doubt (Ref 1 and 4). Using a stochastic estimation
process the unknown parameters are found trom systems
identification theory.

All temperatures at each node through the TPS are not
measured in the previous described model because thermocouples
afe not located at each node point., Thus an intermediate step
uses an extended Kalman filter to estimate all node
temperatures whenever a thermocouple sample was available.
This was based on the thermocouple measurement and heating,
thermal, and error models, This filter also filterea out
noise, The parameters were then updated by a gyradient
algorithim to maximize a maximum likelihood tunction tor caunh
parameter. One or several of these parameters were estimdled
over a planned time segment, Thus, it the segment is very
long, a nonlinearity in these parameters over the entire entiy
can occur. Parameters are used to update the simulator and

therefore data is enhanced by flight data.

Use of the RC Circuit Analogy and Time Constant in HEATEST
One method of approximation of the initial temperature

Ti is based on an empirically determined RC time constant anda

on the radiation equilibrium assumption. The circuit anatagy

is used to compute an equilibrium temperature (Teq) ot
Teg(tn) = gT,(tn)=(yg=-1)T, (tn=1+) (L)

49
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where g = 1/(1-exp(-At/RC)] (18)

anag the RC time constant value can be eguated to the lump

parameter
RC = CpaX %/k (19)

This varies with the location in the TPS. In the coating RC
is about 1/4 second while empirically RC for the tile is about
3 seconds. The equilibrium temperatire works well in the
program when you take Q and assume equilibrium. The technique
of using the RC analogy is very crude and, when tirst derived,
was not intended for use in tlight data correlation. 1In this
report it is being used in HEATEST as an approximate method ot
obtaining initial conditions, establishing trends, and quick
turnarounds,

In this approximation program, conduction ettects are
approximatea by the RC circuit analogy. It the temperature
changes, the RC approximation amplifies the heating value bhut
is within reasonable accuracy. The RC approximation amplities
spikes (noise caused by the 8 bit words) ana ontly
approximgtes transients such as angle ot attack eftects wiien
using RC=1l., The RC network analogy is explained in Appenaix

2,
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To expand the Orbiter's envelope and remove placaras,
flight test maneuvers were planned for STS-2 and 4, The AFFTC
used a systems approach to the envelope expansion, The
placards related to the body flap included heating ot the tlap
and elevons at various Mach numbers and angles of attack,
elevator and body flap etfectiveness, veritication ot the
basic pitchinyg moment curve (Cmo), and litt to drayg ratio in
the hypersonic reyime,

To do this a POPU maneuver from 45 to 35 degrees anyle
ot attack was planned on STS-2 at Mach 20 and three body tlap
sweeps at Mach 21, 18, and 14, STS-4 planned a PUPO maneuver
at Mach 14 and at Mach 8., The flap was cycled throuygyh sweeps

trom 17.1 to 7 degrees positive (downward) detlection.

Performance of Maneuvers on STS-2 and 4,

The entry profiles of STS-2 and 4 occured as plannea,
Thermocouple data was recorded on board and telemetry sent in
real-time when in view of a station. Untfortunately, critical
data was lost on STS-4 when the recorder tailvd and real-time
data wés not acquired until after most ot the high Mach
heating., Data trom the body tlap thermocouple used in the
data reduction tor this report is shown in Fiyg., 6, The S5T35-1
and 4 thermocouple data at the same location is also shown ton
comparison, The elevon schedule tor the tirst tour missiovas

has been fe=-1, 1, 3, and 5 uJe rees respectively with o wore

22
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expanding high Mach number., At the same point the ¢ has

been 16, 14, 12, and 4 degrees respectively, Ounly the STS-2

1 data is complete enough to do a thorouygh analysis. 7The tlap
} and elevon time histories during the STS-2 maneuvers arc
N displayed in Fig. 7. A table of STS-2 maneuver events is
! shown in Table 1. The heating at the body tlap thermocouple
location shown /indicated a significant increase in temperature

over that anticipated, It should be noted that this was not

the only location where anticipated thermocouple temperatures

varied from actual results, Some locations displayca

siynificantly lower temperatﬁres.

The Orbiter flight control software loyic contains a
body flap-elevator interconnect which is intended to maintain
the elevator on a preplanned schedule as a tunction ot Mach

‘;; numbef. On all tfour test tlights it automaticalily trimmed the
body tlap at an angle much higher than anticipated. 't was

concluded that the error was in the basic pitching curve C(mo,

This intormation was reduced (Ret 5) to a series of cutves as
shown in Fig., 8 and 9 comparing the maximum elevon positive
E deflection (in order to retain its other requirement of entiy
- pitch control) and body tlap position for various Mach numbers
and angles ot attack at nominal and maximum atc¢ CG positiwuns,
Thig data indicates that it is important to know the therm.a!
€ limitations on the tlap and elevons to determine 1t miss:on
requirements can be met, Other data obtaineu concludet 1ha

the body tlap and elevon eftrectiveness as well as hypersonie

Wp———

P

lift-to dray ratio were the same as predicteda (ket 5),
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Table 1 STS-2 Flight Test Maneuver Key Events

EVENT MISSION TIME  ANGLE LOG Re  THERMOCOUPLE
TIME FROM OF TEMPERATURIL
(SEC OF b L A'l'TACK (DEGREES )
GMT) (SEC)  (DEG)
Entry 75037 00, 41.05% 2.365 117
Interface
lst Flap 75742 705, 39.86 6.089 1844
Sweep (+)
Negative 75786 749. 38.32 6.146 2054
Detlection
End Sweep 75812  775.  38.12  u.146 1713 1
i
POPU (PO) 75830 793, 38,91 b.166 2013 ‘
Minimum 75845 808, 34,59 6.178 1992
POPU (PU) 75846 809, 34,59 6.179 1992
Maximum 75865 $28. 45,59 6.200 2197
é End POPU 75887 850, 38.58  6.220 2065
N\
5 ‘!7 2nd Flap 75994 957, 40.21 6.375 2197 ;
¢ Sweep (+)
g Max. + 75996 959.  39.59  6.38 2228 ?
i Deflection
g Negative 75997 960, 39,60 6.382 2258 !
5 Detlection |
). 1
. Peak 75998 961, 39.40 6.383 227y
E Heating
- Maximum 76008 Y70,  41.41 6.395 2238
. - Detlection
- End Sweep 76015 978, 41,00  6.401 2126 1
3rd Flap 76128 1091, 19,81 6.6:8 2130 1
sSweep
Max, + 76138 1101 . 8,93 6.6t AR

Detlection

Max, - 76172 1113, 319,60 6.73! 20908 i
Detlection

End Sweep 76181 1143, 18.26 6.73% 1971 !
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The fixed body flap during the POPU made it possible to

identity the Q, and Qo using HEATEST it the Q g, derivative is
known, Other selected parameters can be expressed to bhe
Q0,0x,Q Q¢ /Q, , Xa (20)
LOG ke o' e
where AXa is the effective thermocouple depth or coating
thickness. The goal of the data reduction program in HEATKS'

is to obtain best estimates ot these 1'ameters during the

maneuver,
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itial C R {_ Analvsis
The STS~2 flight thermocouple data tor the location on
the body tlap shown earlier was input into the HEATEST
program., Also input was a Best-bEstimated-Trajectory (BET) and
atmosphere trom NASA Langley kesearch Center ftor reducing
"model error“'caused by bias in the heating ratio trom
atmospheric density error. A problem of time skews in th
data for other points was not apparent in the flight data
input at this location., There was howaver some drop outs ot
the body flap deflection angle data during one body tlap sweep
that had been "filled in"™ prior to its use with this study.
Both of the earlier described errors can produce errors 1n
HEATEST estimates which cannot be identified by HEATEST as
such, The procedure developed for running the program was to
take the entry data and to break up the computer runs into
segments, FKach segment covered a particular region ot the
entry where a maneuver was occuring., These segments were
turther broken down into smaller time segments. For example,
a run called HEAT 3 was computed between STS~-2 times ot 757733
and 75811 seconds GMT, a segment after entry intertace (111} at
400,000 tt, altitude, This is where the tirst body tla; sweey
took place. This was turther segmented in attempt to "ive
HEATEST estimate individual parameters and uncertainty !outd:,
These best estimate derivatives or slopes were then usca 1

later time segments to determine it the model would "match®

the variations in temperature,

0




S R ¥ ‘
AT
3 PN o

.3

i porri Gl

Y

AT P

N ?1 E..' ".","'.

D

From experience gained by others (Ret 6), derivatives

which had the greatest impact were Q f, Qo, Qs Q4,.+ and
LOG Re
the smallest Q4,. The coating thickness (AXa) was initially
assumed to be .002 feet and later confirmed. For most runs,
the temperature was calculated to obtain an approximatce
initial condition of the surtace te: pcrature using an RC
circuit analogy. A best guess of all derivatives at an initial
time segment w;s also made to improve initial conditions. The
next segment of time was taken ideally when only one of the
heating parameters (o<, fg,0r fe) was changing. At this point
the program was directed to allow the derivative of the
changing parameter to "tloat" to a new valu¢ estimated by the
program, This value was then "locked up" or tixed during the
next time segment in order to establish the parameter values
in that region, As this was taking p’ace the Kalman tilter
was establishing a new surtace temperature based on its
updated model parameters., It the parameters were correct, the
apriori and aposterori temperatures would match the variations
in the tlight thermocouple temperature each second within an
uncertainty of approximately ten degrees, which is the
accuracy ot the 8-bit word measurement resolution., Althouyh
the fe parameter is signiticant at other Orbiter tlap location:,
near the centerline, its value here is very small uand wva.
given a small tixed value during most runs, 1t was also donc
in an attempt to prevent trading ot its value with ottt
parameters. Otherwise, with the continued vartation ut the
elevon during entry, the Q3 would have been requirca to t.

“tloating” through most ot the maneuver times studied,
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Using the previous technique was tor most cases
unsuccessful, The temperatures would dritt as more segments
were taken within each run and a good match tor a long time
segment was never truly established, Tradinyg of derivative
values such as Qo and Q, or Qg4, and Q_, would occur it more
than one derivative was being estimated at the same time,
Since both parameters may be changing at the same time then
both would require estimating, If the values derived trom thc
program were the correct ones the trading may still occur.
Examples of the parameter values obtained and there
uncertainty bound during ditferent portions ot the entry are
shown in Fig., 10. The tirst graph, depicting a search tor the
right Q. derivative, were all taken at various portions ot the
POPU., The second graph depicts a search tor the proper Qf s
derivative and were all (except the 13 degree run) done during
the three body tlap sweeps, The third chart again looks toi
the right Q. during various portions in the entry, Normally
values with larye error bounds are not used.

The results of the attempts to calculate angle ot attack
and body tlap detlection ettects are not conclusive but those
with a small error bound appear to have approximately the same
values which may indicate that these are the correct parametuel
values, Only the trend in the change ot these values (it they
do change) during the entry may be all that is required to ao
once HEATEST can be successtully run through the maneuvoers,

It was assumed at this point tha* tr. problem was causuvd
by one or two items; the Reynold's number derivative and/or a

nonlinearity in the other derivatives, or tlap rlow ctteats,
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The Reynold's number derivative is unigue in that tlow
transition causes a rapid increase in its generally small
value and then decreases rapidly when fully turbulent. This
etfect can also cause difficulty in interpreting the results
if the transition occurs during the maneuver. If interpreted
correctly it indicates sensitivity to transition in one ot the
variables, particularly it the flow returns to a laminar
state., Such a éondition occured on STS-4 on the lower surtace
centerline. The assumed Reynold's number eftect could also be
a Mach number effect and real gas etfect but the two cannot bhe
separated during a given tflight other than by theory. 7The
Mach number effect could also be pulled out in lieu of Re.
The Reynold's number changes so slowly that the only way to
accurately determine its value is to run the program tor as
long as possible (over 100 seconds is best) with no other
changes taking place in the region. U tortuately, the reygion
in question is very dynamic and the proyram as established
could not distinguish Reynold's number, Qo, and Q, ettects so
the slope could not be obtained. Wwhen the Reynold's number
runs were made these too would not converge except at one
point in 'the entry. This single point was not sufticient to
establish a trend. Figure 11 depicts the Q, ., g Verse 106G K
results obtained. Although the error bounds appear small 11t
must be remembered that derivatives are trading valac.

resulting in a small error band tor an incorrect value,
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Comparison of Heating Mogdels

'Two methods of removing nonlinearity etfects are to
change time segments in HEATEST or change the model. Many
time segments were tested without success. In systems
identification theory model error is a major concern and
problem (Ret 1). Since the model had worked with very little
difficulty in other Orbiter reygions it was surprising and
disturbing that it occured at this point. The only option at
this point was to investigate other more complex models basca
on more complex theories and compare them. In comparing thesc
theories it was not the intent to say they were totally
accurate and therefore could be used in predicting. The main
objective was to use various theories to see it they agree
with the flight data in magnitude, slope, or linearity.

In first plotting the tlight ccnu.tica Q/uref versus Loy
Re, obtained by only estimating Qo in HEATEST with assumed
value of Q. and Q4,, , the Reynold's analoyy theory was '
compared for laminar and turbulent fluow. This is shown in
Fig. 12, Hand calculations revealed that the turbulent tlow
more closely matched the flight data. Since the theory in the
turbulen£ case uses Re" an axis change ot /01t varse ket
revealed a more linear slope., Calculations ot these resalt:
and others are in Appenaix A,

Calculations using the normal shock tables and keynola's
Analogyy as Rockwell established in their data book (Ket /)
were also compared, These values did not match in nagonitade
or slope, 1In the region ot interest, the magnitude was oo

high at the start and too low at the end,

L)

ol e e . ~ L. T
LI I A A N I RN S RN




AHoreuy s,p10oukay pue e3izg IyRIp3 103 oy £ 5B, 330/0

J IIMS
3
dvid YV

’ aN053§ RdOd  LS¥Id

- W,

&

v LLHZ., .f A
. v a )
\ .
; ) L\\, C..I.Il

] e~ L

dVN:WYD ~ASOTYNY 5,070NAZY @
o
& INIINRAIL ~ AS0TYNY 5 075HAIY v

[}

Yiv2 LiH917d —

.. LA LN A 4
DF R P Y

N I [ A
bt TR e

P R

1
'
i
_ ]
=
N
|
3
i
' -
r-tl-
‘o
3
-
-G
i
.IU
S
L2
D
2
Y
\’/
.l.| -
< 7
-
Cs o
T
ot

7

1

P S




In another approach, it is considered we empirically
know that down the centerline of the Orbiter prior to the
boattail expansion that the tlow is approximately Mach 3 (Rer
6). The stagnation and after the shock temperatures can be
evaluated, From these values, the conditions at the flap and
more accurate values of viscosity, Reynold's numher, and
Q/Qret can be calculated. The flap angle can be tixed verses

changes in time and Re". At a given ke *§

the tlap can bhe
changed in detlection angle ana Q/Qret changes due to this
deflection can be determined., The minor changes in the angle
ot attack are assumed to be linear and the elevon changes ate
not significant at this point on the flap. The calculated
results again did not match in slope but were close to the
flight data in magnitude.

It was stated in a recent AIAA paper (Ret 8) that
Newtonian flow analysis could be used for the lower surtace ot
the Orbiter in this hypersonic regime, Calculations using this
approach concentrated on determining the specific heat at high
Mach numbers (Ref 9) and low density. The ftlap anygle, weak
shock expansion, and shock tables determined the downstream
Mach number, density, velocity, Reynola's number, ana
viscosity, when calculating trom these values, (O/0ret tor ko's
values were not close in sloue to the tlight date, However,

the magnitude of values was close to the tlight results, 1L

was observed, in this analysis and the previous weak shock
calculations, that variations in body tlap at a yiven Mach
numher and anygyle ot attack did not change signiticant !y the

Q/¢Qret values., The Newtonien analysis howiver revealoea toa
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the changes in angle of attack did significantly influence
the slope of the Q/Qref values.

A fifth approach was to consider the Eckert tlat plate
formulas (Ret 10) used in the proygram to calculate the heating
ratio Q/Qret but now adding the downstream conditions and the
adeflection angle terms, Using the turvulent tlow equation
and plotting the resulting Q/Qret values verses Re'e tor the
same entry conéitions as previous calculations resulted in a
series of points slightly higher than the tlight data at the
beginning, crossing the tlight values dquring the tirst body
tlap sweep and POPU maneuvers, then leveling ofrt at values
below the flight data later in the entry.

The sixth approach was to consider another mouael that
would use the approximate downstream conditions in calculating
the heat rate and remove the influerce of Reynold's numbe:
completely from the problem, By knowing that the Q valuv ia
the Newtonian and Reynold's analogy is a function of Stanton
number and enthalpy, as well as the Reynold's number and
distance from the stagnation point, the Qret equation can be
rearranged to be a function only of the downstream density,
velocity, and enthalpy with the distance and Stanton numboer a
constant (Reft 11), Enthalpy could be and was calculatea using
the freestream velocity or the specitic heat and stagnat o
temperature tor the input conditions used previousnly., Fte
results were encourayingy, Compared with the cootbyeg
approaches and tlight data, the results tollowed 1n .o
agreement with the tlight data through the tirst two anenvor s

and its magnitude matched the tLighr data Q/0rer at the Vo
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body flap sweep. It must be remembered that the tlap
detlection tor these calculations is considered constant and
therefore no body flap sweeps are input into the calculations,

'The seventh and tinal method to be examined was .an
approach used by NASA in their analysis of the heatiny, the
Spalding and Chi technique (Ref 12)., This method tinds the
value of the skin friction coeficient, Ct, TO use thiy
technique, the élap conditions were assumed to be as they were
in the weak shock calculations. Assuming that the tlap priot
to the weak shock experiences a tree stream Mach number ot 3,
the edge condition experienced by the tlap becomes M;=1.27 tor
a tlap detlection ot +7 deyrees., The procedure described in
the reference was pertormed tor the seven entry points
previously used. The result was an almost linear reduction ot
the Ct value trom ,99 to .80 from that of the approximation ot
.006 usea in the Stanton number-Enthalpy calculations. when
this value was applied to those calcue*arions, the resulting
Q/Qret magnitude was almost identical to the tlight data
before, during, and through the POPU maneuver. However,
hecause the flap detlectiuns were not considered, the
resulting values did not retlcct a change during the two boay
tlap sweeps,

Figure 13 graphically compares all ot these methods, The
Reynold's analogy, Eckert, and Enthalpy-stanton number valaes
with and without the Spalding and Chi Ot values ate o
closely compared with the titght agate in Fig, 14. Figare i
displays the wind tunnel duta, the NASA stmplbiticd heat oo

t

moadel and the weak shockh results using M =3 prior to e v
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The Enthalpy-Stanton number approximation combined with
the Spalding and Chi Ct values appears to be closest 1o tue
tlight data but would be extremely ditficult to use tn the
HEATEST proyram, The primavy difticulty is in determining the
downgtream conditions accurately at the tlap, This 15 also
true ot the other approaches attempted except four the
Reynold's analogyy and the kckert equation not using the
det lection corréction tactor ana the temperature ratio 1'*/ 1o,
lt is obvious that the weak shock and Newtonian tlow analy:sro
have a similar problem, PPlacing the new Ct values tn 1t ho
Newtonian and Weak shock calculations made no signiticant
chanye 1n their lack ot accuracy compared to the tlight duta,
Invalid assumptions made or calculations performed altured
the downstream Kkeynold's number in the weak shock calculat o
and the magnitude ot the Q/Qret in the Newtonian analysis.

In the calculations tor the downstream conditions soevera:
assumptions must be made, First, that the treestream ' low
past the expansion at the bhoattail reaching the t1lay 1o
approximately Mach 3., Second, that the .! .w 18 not detached or
reattaching prior to reaching the tlap; an assumption in
gquestion when tlow is analyzed 1in photos at these Mach

numbers, Third, that the ' iow condrtion at the poiont ana

times in question are all 1n one ntate, turbulent tilow, SNITS
tlow may transition back and ' S5pith dependivieg, on the entry
conditions such as ang'e ot attack, doetleorton ano L
Reynolad's number, All these tactars complicated the Loty

while simultaneously 1t ts ety attempled Yo ase o

model in HEATEST to Jdeteemine: he resu tant heasatan,,

\
\
|
!




In using the Stanton Number-kEnthalpy analysis in eliminating

dependence on Reynold's number it produces the equation
Q = St AVeHs = St(AV, /2)(( £, /7)) (Vi/V.e)) (21

where 7, and V, are the downstream den=‘tv and velocity and 7.
and V, are the freestream density and velocity, Assuming that

the Stanton number changes are insigniticant, this produces
(f,V,,/-/,.V,o) = t(“ﬂ"c‘ar) (22)
and theretore

Q = St £o(Vead/2)t(ox, d gr) (24

re

or rearranging

Q/St £(Vo'/2) = t(ec, e¢) - O/Qret N
where the new Hret could be
Oret = St Ze(Vee/2) = (C1/2) £alVa’/2) ()

Using Spalding and Chi conditions, St and Ct are ftixed at

given reterence value (x0), The ) to put into the HEAY RS T

program could now be this new O generated by this methoa so

b" O = tlo<, 8 ) = Yo + tulx=-0xu) + P, (8 = S0 TN
o

b ..

» or QO = Q0 + QO {a—cnr)d Ci‘" (J., - J.,.) (o
[3

*ﬁ our hasic HEATEST equation, ‘fhe ditticulty is we really oo’
: know the M =14 tlow conditrons arvor to the tlan oo w.
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using the freestream conditions which may not be the Same.
However, it was demonstrated eartier at least tor the reqgion
of interest these conditions combinea with this wethod produce

yood results,

Returning to the reason tor running these mode!l:, 14

HEATEST program took the heat rate as

0= Q/Qref = Oo+Ret(1)+0“0x—eu)+éh,h}lOQRc—lug Kesy )

+64.'. (&ap— 6.;.) 28)

where the program uses Qref as the stagnation condition aud
Ret(l) is zero. It was assumed the Qg5, derivdtive wa-
insignificant, At the point in the entry where the flight
test maneuvers took place, HEATEST was repeatedly run in an
attempt to tind Q. and Qy4,, hy taking()h’k¢ that! was assumed to
correspond to that and keynold's number., When Lhe Qo and Gy,
derivatives and Qo magnitude could not converge on a value tun
any lenygth of time, the O‘M”‘ derivative was attemptea to '
tound over a long time period only to discover the slope of
this derivative was not Jinear., So the approdch was taiuvn t.
try to‘eliminate or minimize the Qgq, ettect, This is oHne ol
the three derivatives varying with time, the others bevng oy,
and Q.. By eliminating these two hy subtracting, the othoer oo
be determined since it 15 assnmed to be only a tunction ot -,
fery, and Reynold's number, The conditions required to a0,

relate tao the maanttude, slobe, anhd Correct tunc! ton,

variation (linear attects) ot che t1iaght data resulo,
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this Reynold's number effect is established, models 1u t e
HEATEST can be modified and then othar heating derivative:
estimated during the maneuvers, It is desired then to plac.
the Q4 derivative back into the program as a tunctional
variation that would make 1t linear, a heating reterence:
variable such as 0 Eckert that could make it linear, or .
reterence value that would completely eliminate the Reynolo':s
number derivative such as in equation (25).

By assuming we know Do, 0., ana 0 then Lhe

A ogr !

. . . ]
derivatives can be tound by solving (when using ke )

Re'ao,‘ (Re"—keo'v) = 0-00-Q_ (x—xa)

—O&.r(éﬂr-‘{ag) (4

The program can evaluate 0 using any reterence we wish, When
this is plotted verses a Re number that produces a 'incar
slope the result should bYe a nearly straight line with soa

bias or magnitude. A AQ which eguals
AD = 0-Q (x=0<)=0g,, (S5 = g ) = (DotRe term) ()

it now placed in the HKATEST program tor numerous seqguential
time segments of approximately tive seconds duration each anad,
assuming rhat. the kc"r term was z2erO, resulls tn an ajpw ot
sloping line representing the 00 magnitude ana the Re toone oo
a specitic rererence o<, and daro.  Thus the o and Sa bave e
removed leaving the ke eftect and somi Qo anagnttude, Ty
computer always obtains the Do magnitude and s nol g peaoblem
except in very extrome coien o wtien 0 New et Gl Yt e

considered, TE the Flohit Te oo o 0 tava g b b Uy e, ,

ad




be determined the result would be a straight line or z¢ro
slope parallel with the Re number axis ‘we ettect e¢liminated)
with a constant magnitude ot oo, It the magnitude Do were
also subtracted out, the line would be at zero., This result
is our goal, accomplished hy changing the X axis Re numbey
value, It the slope is not zsero but reduces the slope ot the
Reynold's number effect, then it is still helptul in our
analysis because it can then be assuwmed that Op V:.
essentially constant over the short time segment in the oantiy
where a maneuver is executed. All of those results assu:
that you have the correct 0_ and Q4,, t. subtract out, O, anu
Qs,, may be input as tunctions of Re when maneuvers are
available at various Mach numhers, It the “"pertect" model is
tound the Q4 may be eliminated.

From the previous analysis of the models, the onus
showing the most promise to be used in this approach were the
Stanton Number-Enthalpy results using $Spalding and Chi ang the
Eckert flat plate mode! tor turbulent tlow, However, the
technigque was tirst used to observe it the 0/Qret staanatton
model could be wused, As a tirst attempt at analyving the
derivatives and there ettects on the slope ot this heat ag
model, the RC circuit andlogy was used tor plotting /gy .
stagnation verses ke "' . The result ot "turning o™ oo
derivatives 1t was hoped woulad result in each removis. @
heat ing etrects they create and remove the slopes o th
derivative in the wodel, 1t all fhe derivatives 1nnod v
the model weres correct, the pesolt o uasing the Weoappros e

would produce a new Ag whioon ~ouldad hHhe a linear o
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Figure 16 displays the AQ stagnation verses ke'g using the kC
approximation, The result indicates that the slope of the
line with all derivatives input (showing heating ettects trom
no sources) changes at least once, This line is compared to
the line generated from the hea'ing mode! refterence with the
gerivative Q4,, removed to include body tlap etrects, As the
comparison indicates, during the tirst and second tlap swedy,
the tlap etteck is signiticantly reauced but not torally,
Also evident is that the slope during rhe third sweep changes
in the opposite direction, This indicates that thc¢ tlap
derivative removed may be too high, The lower mag. itude ot
the heating in the line produceda with Q4,, is due to the change
1n the body tlap position hetween the Re'v of .55ES ana 1,72xy
from 14,9 to 13.3, Likewise, it the QO derivative were
removed here, the o< being slightly higher (excluaing the
maneuvers) would produce a shift in the maygnituae positivety,

‘The kckert mode! was studied in a simitar approach 1t
comparison, Figure 17 compares the AQ Eckert verscs K.
with no heatiny ettects and with the Qj,, derivative rewovea,
The discontinuity is more apparent in this case, ‘The hoay
tlap derivative removes most ot the tlap ettects and Chanaes
the slope of the tunction in the same manner as it dia in '+ ny
stagnation mode?,

The use ot the RC analoagy produces noisy and posnitisy
inaccurate results, o bhe sute the model can or Catino!
used in HEATHST, the sStaanatiron and EckerlL models were las oo
Into the program with and without. the T* Cortrection v 4

The purpose in this was 10 see 20 the O/0ret bHcekert -0 v
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1f it was, it could be put back in to HEATEST as a variuable as
described earlier, To input this into HEATEST the initial
conditions were established at the start of the Re 7 value of
interest, HEATEST was allowed to run tor increments ot rive
seconds each gyenerating a Q/Qret Eckert wvalue ftor cach
seyment, This was done to eliminate noise and gencvrate a
slope from the combination ot tive se ..d “steps"., The plot ot
this run and ; similar one aone ftor Q/Qret stagnation are
shown together in Fig, 18, The results indicate again that
the FEckert has a larger maynitude and slope coumpared to the
stagnation model, Time did not permit the insertion of the
heating derivatives to contirm the preliminary conclusions
drawn from the RC analogy.

Time daid not permit the input ot the Stanton Nuawbher-
Enthalpy model with the Spalding and Chi Ct values 1nto
HEATEST. It it were used, the same Q/Cret tor its mode! wo '
have been performed, 1€ the results contirm the calculation.,
performed, this model tor Q/0ret, when calculated vitses wn"
would produce a curve that would eliminate Qg ettects and
possibly 0« effects. Thus the ftlight data would match the
model for the maneuvers with the exception ot changes in body
tlap. - It they were held tixed, then the model most likely
would produce an upward sloping curve, This curve coula

similar in appearance rto the models shown i Fig, Ty b oo

calculations indicate 1t wonla tae much wmore linear, Pl

would essentially be tor a constant
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From AQ, a Ju value can be input to produce the tunction
0 = o/oretf?m_ = O, locmoxa)=04,, (dgr= ) (32)
‘6-
rrom the above equation the dgerivatives Qg , On anae the
magnitude Qo would all be established and, it done correctiy,
should produce a “match* with the flight data. "This then
would be the new process ot determining the heating rate

derivatives tor the body tlap trom HEATEST.

e

DO -
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An attempt to use the HEATEST program in its oriaginal
torm tailea to properly determine all the heating devivatives
that ettect the body tlap. The angle of attack ana boay 1.y,
detlection effects were approximated but detinitive valucs
could not be veritied due Lo the problems in calculat tng the
kReynold's number effect. The Reynold's number ettect was
tound to be nonlinear, A scientitic approach was used to

determine it a model could be tound that would linvarize oo

eliminate the Re etfect. Several techniques were studied it
at least one was founa that could be applied to HEATHST, e

indications are that the point studied on the tlap wa:n
turbulent ftlow but the possiblity still exists that it o .td
have been in transition or a local tlow reattachment,

The question still exists as to how this approach can
be used on the centerline hody tlap thermocouple pornt windl
appears to be atfected much more by elevon detlection than the
one studied. The analysis done in this report is only the
tirst step in studying the overall heating efrtects 1n
area, It is a critical point in later missions ana 1t
determination is vital prior to the high cross-—-range wossoons

in the tuture,
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Recommengations

The Spalding and Chi technigue incorporates many

RO A
LR i

DRI I

assumptions but if used at a reterence and condition could

KUY

be used as a valiad Qret moae! in HEATEST. I recommend that an

attempt be made to incoporate the Enthalpy-Stanton number

relationship using the Spalding and Chi Ct vatlues. This

appears to be the most accurate means ot deterwminiong tlic

heating ettects during the maneuvers,

I1f the Spalding and Chi technigue cannot bhe wunea, |
recommend attempting to use the Eckert turbulent tlow eaual (on
or attempt to use models where Reynold's number is not nsco,

The HEATEST program presently uses the Kalman ti'ter to

take the equation

X(t) = FPx(t) + GU(tr) NI

and produces the new equation atter the time increment

X(t+At) = Fx(t) + GU(t) IR
The tunction Fx{t) has the value

Fx(t) = e8t ‘)

This tunction coulad he lett alone atter the tirst iteratyon
and save computer time, However, 1n a related o o
student has taken advaontage ot the A matrix beinog trrer
- anit has subrtantually tecoced the computer time,

I recommend thdt as a weans OF determining the e ot
S number that HEATEST Shou'e vocorporate gttt qvar ! ol ' T

Test MANERVer data trow S0 -0 0 G bater msad ane et




specitic time interval where the same conditions occur 1n the
entry and the derivatives compared to obtain . more accurat.
value ot Q,, .

I recommend a possible change in the tlight st
maneuver philosophy by going to shorter maneuvers wher.
Reynold's number is not a problem. Another approach may be .
ao the opposite by trying a series ot maneuvers sequenced ot
to yet slopes énd derivatives of other parameters leaving e
Reynold's number etfect to be established last.,

Due to the tftact that there was sO much ditticulty 1n
modeling the entry heating at the body tlap it is apparent
that one or several things are taking place that 1 am n.ot
aware oft, Basea on my analysis, I would recommend 14
priority emphasis be placed in determining what is hapnenin
here, More tlight test maneuvers should he pertormed (o
analysis, There should be maintained a means ot obtaining
thermocouple data from these and other Loty tlap locations on
tuture tlights., A mission with a landing at Xennedy Space
Center or using properly laocated ARIA aircratt would allow
thermocouple data to be sent in reatl-time during the entry
fassuming little it no blackour tabes place) removing the need
tor the recording and post thight playback on the Orbhyter
(which has been unsnccesstul 1n several previoas ot ve s -
Dntil the heating can he reltably predicted in thio ., o
also recommend fhat no WIR misstons be pertormed wios oo,
angle of attack and maximum att CG condition tasvs, .05

producing possible excessive reat ing,

- L W
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Appendix A

Derivation ot Heating Model Solutiouns

To pertorm the tollowing calculations reterence nowvnt.,
were chosen at various times during the point in the entry
when tlight test maneuvers were being pertormed on $Ts-2, (o
order to do the'calculations the boay flap had to be assumed
tixed during these times and a second set ot calculatians
pertformed at one time in the entry with the tlap beiyng
detlected., The table ot these reterence points is shown in

Table 2,

brocedure tor Calculations Using Reynold's Analogy

Using Reynold's Analogy

Ct/2 = A/ReN {0

St = Ct/2 = Nu/RePr ()

Q = h{(Taw-'Tw) (1)

Nu = hL/K (1)
substituting (3) into (4)

Nu = QL/K{(Taw-"t'w) 4

Substituting (2) into (1)

N
Nu/RePr = A/Re Cr

Substituting (9) into (oY an' te o vranging

o g T wT e RS- C o oo e T T, . . - . - .
(TR TR L i I T A P, S T i Wty Wl LT TR S UL T -U R P U T L. SO S VA U S U Sy SUR AU S S S WP A TP SHRT U S




Ref Voo
Pt tt/sec
1 24178
2 22605
3 20985
4 19977
5 18804
b 17203
7 15573

L2t e conh by T——— v — —— T T T

Table 2, Entry Reference_Conditions

For Heating Method Calculations

Mach 7, ¥=7 Loy Re T

# sluys/ft beer 1) Jdeqg R
26.1 .59 5,75 .56 356.7
24.2 1.15 6,00 1,00 364,2
21.8 1.74 6.125 1,33 386.9
20,1 2.2Y 6.20 1.59 412.2
18.6 2,80 .25 1.78 425.8
16.5 4,50 6.39 2,46 446.5
14.8  6.50 .50 3.16 462.6

o<
deg s

39,11
39,31
38,04
44,606

41 .51

el AR f s

Dret

b,
67 .4
6Hh U
64.hH

57.6
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N
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,q=

1-N
QL/K(Taw~-Tw) = APrRe (7)
The result is
1-N
Q/Qret = (AK(Taw-Tw)/L Re )/Qref (8)
RTo = (Taw-Tw) (9}
1-N

so © Q/Qref = (AKK/LQOref)ToRe (1

2

with To proportional to M

2 2
T*/To = (1l=.5( =1)My) = (1+.2M,) {tr)
2

To = (1+,2M,)T (R

with K=,054 BTU/HeFt which is changing and is higher with
increased Mach number and viscosity. ‘1he recovery tactor (k)
is equal to .9 and L=)l07.,5% teet, In general K uses

Sutherland’s Law of Viscosity which is

1.5
M= 2,278-8 1o /11¥+198.6) (13)
K = Cpu/Pr with Pr=.74 and Cp=6006 SER
or M = LNoL/Re 1)

Placing the known constants into the eguation the Q/urct
2 1-N
Q/Qret = 67,95 LA+ 2™ )T, _Re ORI
where tor laminar tlow A=.4142 and N=,%, WFor Lurbalent o
A=,0296 and N=,2, Using the tree stream values at the oovas e

ot interest, the O/0ret valaes tor laminar ang tarhulens 0 Ly

were calculat.eas, Thes rezsu' o are g vatdbee




B

2

s i Table 3, Method 1, CalculationslisingReynold's Analogy and

B = Sutherland's.

{‘ N Sutherland's Law

- LLog Re Re /ﬂ Ret Pt Qreft Q/0Oret O/O0v et

. (stuys/ Laminar Turuulent

. ft sec)

- 5.75 39811 2.748-7 1 60.8  .0235 L1197

. 6.00 63096 2.79E-7 2 67.4 .0270 L1519

2 6.125 79265 2.958-7 3 65.0  .0294 L1805

3 .

¢ 6.2 91397 3.11E-7 4 a. L0316 L2040

.’. 6.25 100000 3.18k=7 5 57.6 L0333 .2224
6.39 129643 3.32E-7 6 54.1 L0360 .2655
6.50 158489 3.44E-7 7 46 .8 L0410 L3260

a.

:

)

.

.

b

K
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Method 2 using the normal shock tables required use or
: - the shock tables in Ref, 13, Using the conditions known at
each point upstream of the shock, the tables allowed the

- values M and the ratios 1,/T, and P,/Po to be tound. Hsing ' he

tormula trom Ret, 7 for stagnation pressure
Pns = P~(1+vz/17lhTw) in atmospheres (v1)

we use this value in Ref, 7 to calulate Log  u0 and u. s g
(15), Re is tound and used with (16) to tind Q/Qret turhuloent,
The downstream temperature was also calculated using ¢t
treesteam condition and the shock table ratio, The 1ist
results is on Table 4,

Method 3 considered the downstream tlow prior to the
boat tail expansion to be approximately Mach 3, By aswuwiag
that the hody tlap is tixea at +7 degrees the tables in Wwet 1y
can be used to determine a value €, Using that 9,the norua!

Mach number (Mn) can be tound using
Mn = 3 SIN 6 ('y)

The weak/strong shock charts in Ret 13 and the treestream

conditions, the ratio T,/To antd thos To can he found, With

the assumed Mach 3 condition the ratio 1 /1o and v can e
determinea the same way. The ratio 't /0, anc then Fpocan vow
be determined using the previously determined values oo

tables tor the Mach number Mn, The valve I'* iy now taonne o

T o= T S0 Tw=T ) 22 0VR=T ) where TRE 9T o

- . - - - . . . . - . . - Y
o et " T .’ . . . . 'e IR A ., T - ‘. a " e " . e T T . " o= - - N N . - . Wt - . -
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Table 4, Method 2, Calculations Using Normal Shock Tablew
Rockwell Normal Shock Approach
‘;;‘ Ref Pt Mach & T,/T, Pns u T, Re'v O/0ret
Table {atms) E-6 deyg R Tarbu!ont
1 26.1 133.4 .0lhd 3,3 47584 87348 LU
2 24.2 114.8 L0279 3.2 41811 144175 L2l
3 21.8 93.4 L0367 3,17 36117 190306 AN
4 20.1) 87.5 L0434 3.09 36068 233013 .l
) 18.6 . 68.2 L0469 3.01 29043 266572 Y )
6 16.5 53.9 L0631 2.86 24057 377173 . 207
7 14.8 43.5 L0743 2.77 20142 479641 2

Hh

.......................




LU as Be g g |

using (13) to tind the viscosity ana (15) tor tinding Re the
Q/Qref values can now be determined us.'.; equation (16). The
values of Q/Qret can be determined the same way tor various
changes in body flap detlection by fixing atl these
deflections at one condition (retercnce point 5 was chosen),
This angle is input into the tables and a new value ot ©,
The exception to this is when the g angle is 0. Then there
is nodetlection or shock atter the Mach 3 tlow. Thercetore dn
is equal to 3. The results of these calculations are tistced
in Table 5,

Method 4 used a pressure ratic ralationship ana e
angle the flap makes with the treestream flow to determine the
Newtonian tlow initial conditions, This pressure ratio is

2
P,/P. =(SIN §AV.."/Po)+1 21

where § = (¢ +885-7) (o)

The flap angle was again tixed at +7 degrees which, duu to the
boattails slope approximately makes the tlap detlection eyna!
to the angle of attack. The shock tables give us P, /b, "he
value P, can then be determined, Using this value and the ',

value from the previous method, the equation
7, = P, /RT, (o

produces the downstream density, The downgtream Mach num'..i *

can he tound trom the tables and velocity V,; can be exiireo e

\'J

L = Mya = M (rRT)

Reynold's numhar is determined using (15%) nsing the ot

Hh
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Table 5, Method 3, Weak Shock Calculstiong Using M -3

For Body Flap Detlection +7 deqg, €=2%, Mn=1,27 and T,/T,=1.172
Ref T,/To To T, T, T u re ¥ 0/0ret
Pt K-6
1 L0079 45152 16124 188Y7 15290 2.77 6254 ET ‘
2 L0085 43024 15364 18006 14680 2.71 10238 . 239 g
3 .0122 37202 13285 15570 12947 2.5 14165 27N |
4 L0165 33787 12065 14140 11968 2,44 17503 . 3t
S .0143 29886 10671 12506 10623 2.30 205%3 R
6 .0180 24806 8858 10382 9566 2.17 29256 L3920
7 .0223 20721 7400 8672 7468 1,96 39405 LA6
For M,=18.6, To=29886, T,=10671, T./To=.01425
¥
Ref Jdar 4 Mn T,/T, T, T* A Re O/0ret
Pt E-6
(A
- 8 0,0 == ~==- <357 10670 10109 2.24 21004 430

9 3. 22 1.124 1.078 11503 10343 2,27 20806 3!
10 7.0 25 1,270 1.172 12506 10623 2.30 205%3 4!
11 10,5 28 1,410 1,261 13456 10890 2.33 20366 .33V

12 14.0 32 1.567 1.365% 14566 11206 2.36 20130 .7933

‘‘‘‘‘‘‘‘
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previous method. Re" and Q/Qref using (16) completas the
analysis. The changing body tlap calculations are Aone in a
similar manner resulting in a changing M, and other downstrcawm
values, The resulting Q/Qref showed very little change with
the body tlap detlections, The results are shown in Table o,

Method 5 incorporated the kckert flat plate tormula

Q/Qret = (.0296(RTo—Tw)(Re{"ﬂ(T*/t”Y‘ (24)

.2
¥ (£, VuCp/778.30c ¥y (p/rl)

tor turbulent flow with detlection where T* is using (1Y) and
Re trom (15). All values used were the original freestream
conditions at the reference points, Pr=.72, and Cp=600b., "hu

g dot value is then divided by the gret tor that point, "the

results are in Table 7.
Method 6 used the previous Newtonian calculations to

and V with the enthalpy equal to
2
Hs = hgm = V, /2 = CpTo (25)

Both methods to obtain Hs were used, Then usinyg a St=,003

was calculated from the equation derived in Ref 13

g 1.0 .
Q = ARe (M Hs/x) = ARe (MU Hs/x)/Re
= A(PVX/U) (Usu/x) /re”

4 = .0037V,Hs/778.3

This was then divided by the reterence Qret to obtain e

Chec R
Stat @ e

N Q/0ref values, These results dre displayed in Table b,
L
|
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A
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Table 6, Method 4, Newtonian Flow Analysis

For a body flap deflection of +7 deg and M =2.6

. ¢ -
Ref P, /P” P P, 7 a, v, Ke /01t
pt E-6

1 380.51 .0363 13.82 .43 6738.4 17520 23415 .64
2 324,93 .0722 23.45 .76 6578,0 17103 37173 .84
3 252,52 .1158 29,26 1,10 6116.5 15903 49423 LU
4 278.02 .1624 45,15 1.87 5828.,9Y 1515% 75068 1,30
5 213,27 .2049 43,70 2.04 5481.8 14253 80505 .M
6 166.41 .3450 57.41 3.22 4980.0 12948 11274 1,49

7 134.93 .5133 69.26 4.65 4564,8 11863 1543% .77

For changing body flap, M,=18.6 and B ,=.2049

(]

Re t =) P, /Py P, +a a, v, P Re™"  Q/Qret
Pt  deg E-6 E-6

8 34.5 156,01 31,98 1.,7% 5063 1510 2.24 76545 1,20

9 38.0 184,15 37.73 1,91 92%7 144983 2,27 82265 1,29

10 41,5 213.27 43,70 2.04 5482 14243 2.;0 BUH0S 1,28

11 44,0 242.59 49,71 2.15 S686 140445 2,33 H2Mb) 1,44

12 48,5 272.04 55,74 2,23 95916 13607 2.36 81724 '.1o

u'

..........................




Reft Pt,
1

2

10.41
15.135
15.50
15.39
13.94
14,06

12.41

Q/Qret
L1726
2217
.2384
.2428
.2421
L2598

2651

Lo b M

Table 7. Method 5, Eckert Flat Plate Calculations

------
.....
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Table 8, Method 6., Calculationg For Stanton Number-Entha!py

Ref Pt. Hs=aV,
) Eg
1 2.923
2 2.555
3 2.202
4 1,995
5 1.7e8
6 1.480
7 1.212

2
/2 Q

8.409
12.767
14.847
21,800
19,81
23.78

25.79

Qret

60.8
67.4
65.0
63.5
57.6

54.1

46 .9

Q/Qret

.1383
.1894
.2280
.3430
.344
.440

.550

Hs=CpTo

E8

2,712
2,584
2.234
2.029
1,795
1.490

1,245

0

7.802
12.913
15,060
22.167
20,11
23,94

26.47

Q/Qret

LHUn

.1\\!“

L2310

3490

.349

.440

.566




Method 7 used the Spalding and Chi technigue disicribhed
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in Ret 11, This method assumed that the edyge conditions next

to the wall and temperature at the point ot study are Known,
From Method 3, T, and Re, are used as the edge conditions,
With the wall temperature known the ratio Tw/T, is obtained,

From the tables in Ret 11 the values Fc and kg, are tound,

From F, , the tables are used again to tind Fci't, The vaesalt

S ML A SRR
P I
4’

ek g
R W lana,
L PR AR

produces the value Cf trom
Ct = FcCt/Fc (27)

Table 9 shows the calculated Ct values and there input 1nto

the stanton Number-tEnthalpy method.

S




Table 9, Method 7, Calgulations ot _Spa ding and Chi Technique
s and Its Eftect on Stanton Number-Enthalpy vValuces
-
Ref Pt, Tw/Te Re, Fc ¥, Fee RE rFcCt Ct 0O/0ret
ES K6
1 L0029 L9059 .30
2 L0029 ,00%7 . u0u
3 .1%68 1.55 .52 24 3.71 0029 L0056 L2V
4 ) L0029 L0053 AERTIS
S L0029 L0050 . 3300
6 026 3.83 ;61.3 10 3-86 .0029 .0047 . ‘4‘1‘1
7 L0029 L0044 . A2010)
a.
X
o
I
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N Appendix 2
.

RC Circuit Analogy

An RC circuit, excited by a piecewise constant input

| ‘ |

e (é)' - I
! T | vit)
v ‘ |

1t a voltaye €(t) is piecewise constant in every interval

nT < t < (n+1)7T (2%
i lad The differential equation is
o RC dV/dt + V = €n (29
o
F! The solution, which equals V(nT) at t=nT is
Vo -(t-nt)/RC
. vit) =en + [ v(nT) -@n} e {10
Kvaluating the solution at t=(n+1)T, the ditterential eauat oo
ﬁ hecomes
1% -(t-nt)/KrC
. V(nT+T) = @en + (VinT-en)le Co
2 -1'/RC -T/RC
- Vin+l) = e Vin)ell-e )en Cig)
" which is tirst order linear. Calling @n=Teqy, where Teg 0 e

equilibrium temperature reloted to the  heat1ng input

74
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Teq = (Q/€07) (33)
and v=T, the output or thermocouple temperature, The output
becomes

n -At/RC -At/RC n-t

where T = (l-e }Tey + ¢ T (34)
this is constant at each At, This equation could be used to
simulate thermocouple temperature for a prescribed heat 1.ate 0

corresponding to a given Teq. Solving for T,

-At/RC -At/RC  n-1l
(l-e )JTeq = T, - [1-()-e )T (49

- At/RC - At/RC n-1
or T,= Tn/ll-e ]-11/(1-e y=11T {306)

rearranging
- At/RC - At/RC
Teq(tn) = (1/1-e yr, -e Tl(tn—l) (+7)
= At/RC

it g = 1/(1-e ] { i)
then Teql(t.,) = g 11 - (g=1)1Ti(tn-1) ' (39

This is the circuit analoygy used to calculate an equilithrium
temperature, It g=1, then you have just the equilibriuwn
assumption, The maximum value ot g is assumed to he 3.5 tor |

second ot time and the limit ot t is KCx,l,

L e NIRRT } [T e e T . e e . R K
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